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Background: Whether neuronal nitric-oxide synthase (nNOS) plays a role in the endothelial NOS (eNOS)-dependent
negative inotropic effect of �3-adrenergic stimulation remains to be established.
Results: nNOS knock-out or inhibition leads to increased superoxide production, eNOS uncoupling, and abrogation of
�3-adrenergic responses.
Conclusion: Disabling nNOS disrupts eNOS function and downstream signaling.
Significance: nNOS plays a crucial role in preserving myocardial nitroso-redox balance and coupled eNOS activity.

Myocardial constitutive No production depends on the activ-
ity of both endothelial and neuronal NOS (eNOS and nNOS,
respectively). Stimulation ofmyocardial�3-adrenergic receptor
(�3-AR) produces a negative inotropic effect that is dependent
on eNOS. We evaluated whether nNOS also plays a role in
�3-AR signaling and found that the �3-AR-mediated reduction
in cell shortening and [Ca2�]i transient amplitudewas abolished
both in eNOS�/� and nNOS�/� left ventricular (LV) myocytes
and in wild type LV myocytes after nNOS inhibition with
S-methyl-L-thiocitrulline. LV superoxide (O2

.) production was
increased in nNOS�/� mice and reduced by L-N�-nitroarginine
methyl ester (L-NAME), indicating uncoupling of eNOS activ-
ity. eNOS S-glutathionylation and Ser-1177 phosphorylation
were significantly increased in nNOS�/� myocytes, whereas
myocardial tetrahydrobiopterin, eNOS Thr-495 phosphoryl-
ation, and arginase activity did not differ between genotypes.
Although inhibitors of xanthine oxidoreductase (XOR) or
NOX2NADPH oxidase caused a similar reduction inmyocar-
dial O2

. , only XOR inhibition reduced eNOS S-glutathionyla-
tion and Ser-1177 phosphorylation and restored both eNOS
coupled activity and the negative inotropic and [Ca2�]i tran-
sient response to �3-AR stimulation in nNOS�/� mice. In
summary, our data show that increased O2

. production by
XOR selectively uncouples eNOS activity and abolishes the
negative inotropic effect of �3-AR stimulation in nNOS�/�

myocytes. These findings provide unequivocal evidence of a
functional interaction between the myocardial constitutive
NOS isoforms and indicate that aspects of the myocardial

phenotype of nNOS�/� mice result from disruption of eNOS
signaling.

Myocardial constitutive nitric oxide (NO) production has
been known to regulate the inotropic response to �1-AR3 stim-
ulation, although the source of NO responsible for this effect is
still debated (1). By contrast, it is generally accepted that the
negative inotropic effect elicited by �3-AR stimulation depends
on the myocardial release of NO by the endothelial NOS iso-
form (eNOS) (2–4). �3-ARs are thought to co-localize with
eNOS in the sarcolemmal caveolar microdomains of left ven-
tricular (LV) myocytes, and �3-AR stimulation has been shown
to stimulate eNOS activity (3) and decrease contraction and the
[Ca2�]i transient amplitude (5, 6).

A neuronal NOS (nNOS) isoform is also constitutively pres-
ent in the myocardium where it plays an important role in the
regulation of inotropy and Ca2� fluxes, by affecting the S-ni-
trosylation and phosphorylation state of a number of proteins
involved in excitation-contraction coupling (7–11). Whether
nNOS is involved in�3-AR signaling remains unclear; however,
observations that nNOSmay shuttle between the sarcoplasmic
reticulum and the sarcolemmal membrane (where it co-local-
izes with caveolin-3) (8, 12–14) suggest that nNOS-derivedNO
may also be released within the caveolar microdomain from
where it may contribute to the negative inotropic effect of
�3-AR stimulation. In addition, nNOS has been shown to reg-
ulate the activity ofmyocardial xanthine oxidoreductase (XOR)
(15, 16), and O2

. production is increased in the LVmyocardium
of nNOS knock-out mice (nNOS�/�) (15, 16). Excess O2

. pro-
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both directly, by scavenging NO, and indirectly, by oxidizing
the NOS co-factor tetrahydrobiopterin (BH4) (17), stimulating
arginase activity (18), decreasing L-arginine transport across
the sarcolemma (19), or increasing eNOS S-glutathionylation
(20), all of which, in turn, may lead eNOS to “uncouple” and
generate O2

. instead of NO (17). To address these issues, we
investigated the effect of disrupting nNOSonmyocardial eNOS
function and the�3-AR-mediated reduction in contraction and
[Ca2�]i transients in murine LV myocytes.

EXPERIMENTAL PROCEDURES

All chemicals were purchased from Sigma-Aldrich unless
specified.Mice (3–6months old) homozygous for targeted dis-
ruption of nNOS (21) or eNOS gene (22) were compared with
their wild type littermates (nNOS�/� and eNOS�/�, respec-
tively). The treatment of all animals was in accordance with the
Home Office Guidance on the Operation of Animals (Scientific
Procedures) Act, 1986 (H.M.S.O.).
LV myocytes were isolated, and cell shortening (by video

edge detection; IonOptix Corp.) and [Ca2�]i transients (Fura-2,
5 �M;Molecular Probes) were measured in field-stimulated LV
myocytes (1 Hz, 35 � 1.5 °C) as described previously (7). Mea-
surements from at least 10 steady state contractions were aver-
aged in each cell for each stage of the experimental protocols.
All of the experiments were carried out at 35 � 1.5 °C.

Selective �3-AR stimulation was achieved by perfusing the
myocytes with the �3-AR agonist BRL 37344 (BRL, 10 �M; i.e.,
the concentration at which we recorded the largest negative
inotropic effect in isolated murine LV myocytes; Tocris Cook-
son Ltd.), and the�1- and�2-ARblocker nadolol (NAD, 10�M).
S-Methyl-L-thiocitrulline (SMTC, 0.1 �M), oxypurinol (100
�M), apocynin (100 �M), and the gp91 ds tat-peptide (10 �M)
were used to pharmacologically inhibit nNOS, XOR, or
NADPH oxidase, respectively.
O2
. production was measured in intact LV myocytes and LV

homogenates from nNOS�/� mice and their wild type litter-
mates by using lucigenin (5 �M) enhanced chemiluminescence
and HPLC detection of dihydroethidium conversion to 2-hy-
droxyethidium, respectively (23). The tiron-inhibitable fraction
of O2

. was expressed as relative light units/s per 100,000 myo-
cytes or per mg of protein, as appropriate. Peroxynitrite pro-
duction wasmeasured in LV homogenates by luminol (100�M)
enhanced chemiluminescence; the final result was expressed as
the urate (1mM) inhibitable fraction in (relative light unit/s/mg
of protein) BH4, and its oxidized products (7,8-dihydropterin
(BH2) and biopterin) were evaluated in LV homogenates by
using an isocratic HPLC system and sequential electrochemical
(Coulochem III; ESA Inc.) and fluorescence (Jasco) detection
(23).MyocardialNOS andarginase activitywas evaluatedby con-
versionof [14C]L-arginine to citrullineorornithine, respectively, in
the presence of N�-hydroxy-nor-arginine, (Calbiochem) and
DTT (forNOSactivity only) byusing aHPLCsystem, as described
previously (23); the L-NAME- and N�-hydroxy-nor-arginine
inhibitable fractions were used to evaluate NOS and arginase
activity, respectively.

L-Arginine transport was measured in freshly isolated LV
myocytes after incubation with 14C L-arginine (5.0E�5 Ci/ml;
Amersham Biosciences) at 37 °C for 30 min. The cell pellets

were lysed, and following protein precipitation by the addition
of 10% TCA, the supernatant was analyzed by HPLC. Chro-
matographic peaks were integrated and expressed as integrated
units/mg of protein. Myocyte viability (Trypan blue) after L-ar-
ginine incubation did not differ between genotypes (�60% for
both).
Myocardial �3-AR expression was evaluated by using real

time RT-PCR as previously described (24). The following
primer sequences were used: sense, 5�-CTCCCCTGGTTC-
CATTCCTT-3�; and antisense, 5�-TGGTCTTTTCTACCCT-
GCTGC-3�. PCR conditions were 50 °C for 2 min, 95 °C for
10 min, followed by 40 cycles of 15 s at 95 °C and 1 min at
60 °C. The results were expressed as �Ct, corresponding to
the difference between the Ct of the gene of interest and
the Ct of the housekeeping gene, hypoxanthine-guanine
phosphoribosyltransferase.
eNOS protein level and the eNOS Thr-495 and Ser-1177

phosphorylated fractions were determined in LV myocytes
lysates by using a mouse monoclonal anti-eNOS antibody (BD
Transduction Laboratories) and antibodies against the eNOS
Thr-495 and Ser-1177 phosphorylation sites (Cell Signaling)
after stripping the membrane. S-Glutathionylation of eNOS
(20) was evaluated by using an anti-glutathione monoclonal
antibody (Virogen) in eNOS immunoprecipitates (Santa Cruz
Biotechnologies) from nNOS�/� and wild type LV myocytes
incubated with oxypurinol, apocynin (100 �M), DTT (100mM),
or vehicle. In some experiments, LV myocytes were incubated
withDTT (100�M) for 20min before immunoprecipitation and
immunoblotting (20). Co-localization of XOR with eNOS (BD
TransductionLaboratories),NOX2 (Abcam), andnNOS (Santa
Cruz Biotechnologies) was carried out in LV homogenates.
All of the data are expressed as the means � S.E. Compari-

sons between genotypes were carried out using an unpaired t
test. Comparisons of the effects of �3-AR stimulation between
genotypes or groups were carried out using analysis of variance
and the Scheffe’s post hoc test. The null hypothesis was rejected
at p � 0.05.

RESULTS

TheEffect of�3-ARStimulation Is Abolished in the Presence of
nNOS Inhibition or Gene Deletion—�3-AR stimulation with
BRL�NAD resulted in a small but significant reduction in cell
shortening in LVmyocytes from both eNOS�/� and nNOS�/�

mice (Fig. 1). As expected, BRL�NADhadno effect on contrac-
tion in myocytes from eNOS�/� mice (Fig. 1A); however, the
negative inotropic effect of �3-AR stimulation was also abol-
ished in nNOS�/� myocytes and in nNOS�/� myocytes pre-
treated with the nNOS-specific inhibitor, SMTC (100 �M; Fig.
1B). Similarly, BRL�NAD decreased the amplitude of the
[Ca2�]i transient in LVmyocytes from both eNOS�/� (in F365/
F380, from 0.47 � 0.04 to 0.43 � 0.04 in the presence of
BRL�NAD, n � 16, p � 0.0006) and nNOS�/� mice (Fig. 2A)
but had no effect in eNOS�/� myocytes (in F365/F380, from
0.41 � 0.03 to 0.44 � 0.04 in the presence of BRL�NAD, n �
10, p� 0.09) or in the presence of nNOS gene deletion (Fig. 2A)
or inhibition with SMTC (in F365/F380, from 0.60 � 0.07 under
control conditions to 0.62 � 0.07 in the presence of
BRL�NAD, n � 14, p � 0.39). Real time RT-PCR showed that
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myocardial �3-AR gene expression did not differ between
nNOS1�/� mice and their wild type littermates (Fig. 2B). Sim-
ilarly, there were no differences in eNOS protein level in iso-
lated LV myocytes (see Fig. 6B) and LV homogenates from
nNOS�/� mice (data not shown). As reported previously (7,
25), basal cell shortening and Ca2� transient amplitude (Figs.
1B and 2A) were significantly greater in nNOS�/� myocytes
than in their wild type littermates, whereas no difference was
found between eNOS�/� and eNOS�/� myocytes (Fig. 1A).
XOR Inhibition Restores the Negative Inotropic Effect of

�3-AR Stimulation in nNOS�/� Myocytes—O2
. production has

been reported to be increased in LV homogenates and tissue
chunks from nNOS�/� mice (15, 16). In agreement with these
data, we found a significant increase in O2

. in intact nNOS�/�

LV myocytes using lucigenin-enhanced chemiluminescence
(not shown) and confirmed these findings by an independent
measurement of O2

. production (2-hydroxyethidium detection
by HPLC) in LV homogenates (Fig. 3A). Peroxynitrite release
(by luminol-enhanced chemiluminescence) was also increased
in LVhomogenates fromnNOS�/�mice (Fig. 3B). Inhibition of
XORby oxypurinol orNADPHoxidase by apocynin (Fig. 3A) or

the gp91 ds tat peptide (Fig. 3C) significantly decreasedO2
. pro-

duction in the nNOS�/� myocardium but had no significant
effects in nNOS�/� hearts. Following the application of either
inhibitor, myocardial O2

. production in nNOS�/� mice was no
longer different from that recorded in wild type littermates.
To evaluate whether reduced myocardial bioavailability of

eNOS-derived NO secondary to increased O2
. production may

account for the lack of response to �3-AR stimulation in
nNOS�/� myocytes, we examined the inotropic effect of
BRL�NADafter inhibitingXORorNADPHoxidaseswith oxy-
purinol or apocynin, respectively. Although both inhibitors
reduced O2

. release from nNOS�/� myocytes (Fig. 3C), oxy-
purinol restored the negative inotropic action of �3-AR stimu-
lation in nNOS�/� myocytes, whereas apocynin had no effect
(Fig. 3D). Neither apocynin nor oxypurinol restored the nega-
tive inotropic response to �3-AR stimulation in LV myocytes
isolated from eNOS�/� mice (e.g., cell shortening was 5.57 �
0.41% in the presence of oxypurinol and 5.49 � 0.41% in the
presence of oxypurinol and BRL � NAD, n � 15, p � 0.61).
These data indicate that nNOS disruption is associated with an
increase in myocardial O2

. production from both XOR and
NOX2 NADPH oxidases; however, only XOR inhibition

FIGURE 1. The negative inotropic effect of �3-AR stimulation with BRL (10
�M, in the presence of the �1- and �2-AR blocker NAD 10 �M) in murine LV
myocytes is abolished in the presence of eNOS gene deletion (A, n � 18
LV myocytes) or nNOS disruption (B, n � 72 nNOS�/� myocytes and n �
20 nNOS�/�myocytes incubated with the nNOS inhibitor, SMTC). **, p �
0.01 for the effect of �3-AR stimulation in n � 15 eNOS�/� myocytes; ***, p �
0.0001 for the effect of �3-AR stimulation in n � 39 nNOS�/� myocytes.

FIGURE 2. The reduction in the amplitude of the [Ca2�]i transient in
response to �3-AR stimulation is abolished in LV myocytes from
nNOS�/� mice (A; *, p < 0. 05 for the effect of �3-AR stimulation, n � 21
nNOS

�/�
myocytes, and n � 19 nNOS�/� myocytes), in the absence of

differences in �3-AR expression (B, n � 9 measurements from 3
hearts/genotype).
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restores the negative inotropic response to �3-AR stimulation
in LV myocytes from nNOS�/� mice.
eNOS Activity Is Uncoupled in the LV Myocardium of

nNOS�/� Mice—A XOR-dependent reduction in the myocar-
dial bioavailability of eNOS derived-NO in nNOS�/�micemay
be due to direct scavenging of NO by O2

. and/or to eNOS
uncoupling, a phenomenon whereby the catalytic electron flow
within the enzyme is uncoupled from NO synthesis and
diverted to molecular oxygen to yield O2

. (17). Consistent with
the latter, NOS inhibition with L-NAME caused a significant
reduction inO2

. production in LVhomogenates fromnNOS�/�

mice (2-hydroxyethidium detection by HPLC; Fig. 4A). Similar
results were obtained in isolated LV myocytes by using lucige-
nin-enhanced chemiluminescence (not shown). By contrast,
L-NAME had no significant effect onO2

. release in LV homoge-
nates from wild type mice (Fig. 4A). The effect of L-NAME on
O2
. production in the nNOS�/� myocardium was abolished

after XOR inhibition with oxypurinol (Fig. 4B) but not after
apocynin (Fig. 4C).
XOR protein abundance (�140 kDa) did not differ in the

nNOS�/� myocardium (Fig. 4D). eNOS co-immunoprecipi-
tated with XOR but not withNOX2NADPHoxidases (Fig. 4E).
nNOS was also detectable in XOR immunoprecipitates (Fig.
4F), as reported previously (15). These findings suggest a func-

tional interaction between the constitutive NOS isoforms and
XOR in murine LV myocytes and indicate that an increase in
XOR-mediated O2

. production selectively accounts for eNOS
uncoupling in the myocardium of nNOS�/� mice.
Mechanism of eNOS Uncoupling in the Myocardium of

nNOS�/� Mice—eNOS uncoupling may result from oxidation
of the enzyme co-factor BH4 (17), decreased availability of L-ar-
ginine (26), and increased eNOS S-glutathionylation (20) or
Thr-495 phosphorylation (27, 28). eNOS phosphorylation at
Ser-1177 has been reported to increase both coupled and
uncoupled eNOS activity (29). As shown in Fig. 5A, the BH4
content was virtually identical in LV myocytes from nNOS�/�

and nNOS�/� mice, whereas the ratio of BH4 to its oxidized
products [BH2 � biopterin] was significantly increased in
nNOS�/� mice (Fig. 5B), suggesting that the pool of O2

. pro-
duced by XOR is not involved in myocardial BH4 oxidation.

L-Arginine availability to eNOS depends on the active trans-
port of the amino acid through the cell membrane via the cati-
onic amino acid transporter and on its rate of utilization by
competing tissue arginases (26). Arginase activity was
unchanged in the LV myocardium of nNOS�/� mice (Fig. 5C).
By contrast, the rate of L-arginine transport was lower in LV
myocytes from nNOS�/� mice; however, incubation with oxy-
purinol had no effect on this measurement (Fig. 5D).
There was no difference in eNOS Thr-495 phosphorylation

in LV myocytes isolated from nNOS�/� mice and their wild
type littermates (Fig. 6C); however, phosphorylation of eNOS
Ser-1177 was significantly increased in nNOS�/� myocytes
(Fig. 6D). XOR inhibition with oxypurinol selectively reduced
eNOS Ser-1177 phosphorylation in nNOS�/� myocytes and
abolished the difference between genotypes (Fig. 6D).
An increase in myocardial oxidative stress can lead to eNOS

uncoupling by inducing S-glutathionylation of the enzyme (20).
Fig. 7A shows that eNOS S-glutathionylation is increased in LV
myocytes of nNOS�/� mice compared with wild type and that
the reducing agent DTT abolished S-glutathionylation and
greatly increased coupled eNOS activity in the nNOS�/� myo-
cardium (Fig. 7B), consistent with a role of S-glutathionylation
in suppressing the eNOS synthesis of NO in these mice. The
difference in eNOS S-glutathionylation between genotypes was
also abolished by incubation with oxypurinol (Fig. 7C, p �
0.0005 for the interaction between genotype and the effect of
oxypurinol) but not by apocynin (Fig. 7D). These findings sug-
gest that O2

. production by XOR selectively increases eNOS
S-glutathionylation and Ser-1177 phosphorylation of eNOS in
LV myocytes from nNOS�/� mice.

DISCUSSION

The novel findings emerging from this work are as follow: 1)
the eNOS-dependent negative inotropic effect of �3-AR stim-
ulation and the associated reduction in the amplitude of the
[Ca2�]i transient are abolished in LVmyocytes from nNOS�/�

mice, in the absence of differences in LV �3-ARmRNA expres-
sion and eNOS protein level between nNOS�/� mice and their
wild type littermates. 2) Acute inhibition of nNOS mimics the
effects of nNOS gene deletion, confirming that the abolition of
the inotropic response to �3-AR stimulation is NO-dependent
and does not reflect a secondary adaptation to chronic nNOS

FIGURE 3. O2
. (A) and peroxynitrite (B) production is increased in LV homo-

genates from nNOS�/� mice (A, top panels, typical 2-hydroxyethidium
(2-OH E) chromatograms in nNOS�/� and nNOS�/� LV homogenates;
bottom panel, average data from n � 5 hearts/genotype). Both XOR inhi-
bition with oxypurinol (Oxy) and NOX2 NADPH oxidase inhibition with
apocynin (Apo) (A) or the gp91 ds tat-peptide (C) reduce O2

. production in
nNOS�/� mice, but only oxypurinol restores the negative inotropic effect of
�3-AR stimulation (D). ##, p � 0.005; #, p � 0.05 versus nNOS�/�. ***, p � 0.001
for the effect of oxypurinol; *, p � 0.05 for the effect of apocynin; **, p � 0.01
for the effect of the gp91 ds tat-peptide (Tat versus samples treated with the
scrambled peptide, Scrambled) or BRL in the presence of oxypurinol in
nNOS�/� LV myocytes.
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gene deletion. 3) Myocardial O2
. production is significantly

increased in nNOS�/� mice. Inhibition of XOR and NOX2
NADPH oxidase activity caused a similar reduction in O2

.

release; however, onlyXOR inhibition rescued the negative ino-
tropic effect of �3-AR stimulation in nNOS�/� LV myocytes.
Immunoprecipitation showed co-localization of eNOS with
XOR but not with NOX2 NADPH oxidase. 4) eNOS activity is
uncoupled in LV myocytes from nNOS�/� mice. XOR inhibi-
tion reversed eNOS uncoupling in nNOS�/� myocytes,
whereas NOX2 NADPH oxidase inhibition did not. 5) arginase
activity, eNOS Thr-495 phosphorylation, and the myocardial
level of BH4 do not differ between nNOS�/� mice and their
wild type littermates. Sarcolemmal L-arginine transport was

reduced in nNOS�/� LV myocytes but remained unchanged
after incubation with oxypurinol. By contrast, eNOS Ser-1177
phosphorylation and S-glutathionylation of eNOS were signif-
icantly higher in LV myocytes of nNOS�/� mice. These differ-
ences were abolished by DTT or oxypurinol but not by apoc-
ynin. DTT significantly increased eNOS coupled activity in the
nNOS�/� LV myocardium.
In summary, enhanced XOR-mediated O2

. release in
nNOS�/� LV myocytes leads to reversible eNOS uncoupling
and further O2

. production by increasing the enzyme S-gluta-
thionylation (20) and Ser-1177 phosphorylation (29) and abol-
ishes the negative inotropic effects of �3-AR stimulation, indi-
cating that aspects of the functional myocardial phenotype of

FIGURE 4. L-NAME decreases superoxide production in nNOS�/� LV homogenates but not in their wild type littermates. A, examples of 2-hy-
droxyethidium chromatograms with or without L-NAME (on the left) and average data from n � 4 hearts/genotype (on the right) indicate that cardiac eNOS
activity is uncoupled in nNOS�/� mice (*, p � 0.05). B and C, both oxypurinol (B) and apocynin (C) decrease superoxide release in nNOS�/� LV myocytes but only
oxypurinol restores coupled eNOS activity. *, p � 0.05 for the effect of L-NAME in nNOS�/� myocytes. D, XOR protein level (�140 kDa) in LV homogenates did
not differ between nNOS�/� and wild type mice (nNOS�/�); n � 12 hearts/genotype. E, in LV homogenates from wild type mice, eNOS co-localizes with XOR
but not with NOX2 NADPH oxidases. F, XOR co-localizes with both eNOS and nNOS in the wild type LV myocardium and remains co-localized with eNOS in the
presence of nNOS gene deletion. Note that the bands at �80 kDa are also visible in the IgA (negative) control; thus they do not represent XOR products. IP,
immunoprecipitates; IB, immunoblots; IgG/A, IgG and IgA negative control.
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nNOS�/� mice result from disruption of eNOS signaling.
Inhibitors of XOR or NOX2 NADPH oxidases cause a similar
reduction in myocardial O2

. in the nNOS�/� myocardium, but
only XOR inhibition reduces eNOS S-glutathionylation and
Ser-1177 phosphorylation and restores both eNOS coupling
and the inotropic response to �3-AR stimulation in nNOS�/�

LV myocytes, suggesting that the subcellular localization of
O2
. release may account for the diverse and specialized actions

of reactive oxygen species in the heart.
Constitutive NOS Activity and the �3-AR-mediated Regula-

tion of Myocardial Inotropy—A negative inotropic response to
�3-AR stimulation has been previously demonstrated in several
(but not all) species and experimentalmodels, including human
endomyocardial biopsies (24, 30) and murine LV myocytes (4).
Further work indicated that the signaling cascade downstream
of �3-AR stimulation involves the production of NO, most
likely through activation of eNOS (2, 3). In our study, both
eNOS gene deletion and non-isoform-specific NOS inhibition
with nitro-L-arginine, (data not shown) abolished the negative
inotropic response to �3-AR stimulation in field stimulated LV
myocytes, confirming an obligatory role for eNOS-derived NO
in mediating this response. However, we found that the ino-
tropic and [Ca2�]i transient response to �3-AR stimulation was
also abolished in LV myocytes from nNOS�/� mice and in
nNOS�/� myocytes after pharmacological inhibition of nNOS
with SMTC. Although the precise localization of �3-ARs in the
myocyte sarcolemmal membrane remains to be established,
their functional connection with eNOS suggests that they may
be placed in proximity with caveolar microdomains. In con-
trast, in normal hearts, myocardial nNOS is mostly localized to
the sarcoplasmic reticulum (15), implying that involvement of
nNOS-derived NO in �3-AR signaling may be indirect. Khan et
al. (15) and Kinugawa et al. (16) first showed an increased O2

.

production by XOR in the myocardium of nNOS�/� mice.
XORwas also found to be located to the sarcoplasmic reticulum
and to co-immunoprecipitate with nNOS, suggesting that the
latter may inhibit XOR activity or play an important role in
scavenging O2

. produced by this oxidase system; excess O2
.

release by XOR may, in turn, disrupt eNOS signaling and reg-
ulatory function. Our findings are in keepingwith this interpre-
tation and provide further insights into themechanism respon-
sible for the reduced availability of eNOS-derived NO in the
myocardium of nNOS�/� mice. The fact that a similar reduc-
tion in O2

. production could be achieved by inhibiting XOR or
NOX2 NADPH oxidases but that only XOR inhibition rescued
the inotropic effect of �3-AR stimulation in nNOS�/� myo-
cytes suggests that myocytes might have evolved mechanisms
for localizing O2

. release that are of key importance for achiev-
ing specificity of action (similar to the localization of NO sig-
naling afforded by the spatial distribution of NO synthase iso-
forms) (1). Indeed, our findings indicate that eNOS co-localizes
with XOR but not with NOX2 NADPH oxidases. The mecha-
nism by which nNOS-derived NO regulates XOR activity
remains uncertain. Decreased S-nitrosylation of XOR cysteine
thiols may promote the oxidative conversion of xanthine dehy-
drogenase to xanthine oxidase (32); the latter preferentially uti-
lizes oxygen (rather than NAD�) as an electron acceptor, lead-
ing to increased O2

. generation (33). Similarly, reduced eNOS

FIGURE 5. A and B, there are no differences in myocardial BH4 between gen-
otypes (A, left panel, typical BH4 chromatogram; right panel, average data),
whereas BH2 is significantly reduced in nNOS�/� mice (B, left panel, repre-
sentative chromatogram), resulting in an increase in the ratio between BH4
and its oxidized products (B, right panel; #, p � 0.05 versus nNOS�/� mice; n �
24 versus n � 23 hearts from nNOS�/� mice). C, myocardial arginase activity is
not different in nNOS�/� mice (n � 6 hearts/genotype). D, arginine transport
is decreased in LV myocytes from nNOS�/� mice and unchanged by oxypuri-
nol (n � 9 hearts/genotype; #, p � 0.05 versus nNOS�/� mice).

FIGURE 6. Immunoblots show no difference in eNOS protein in LV myo-
cytes from nNOS�/� and nNOS�/� mice (A and B). eNOS phosphorylation
at Ser-1177 is significantly greater in nNOS�/� mice, but this difference is
abolished by oxypurinol (A and C). By contrast, eNOS phosphorylation at Thr-
495 does not differ between genotypes or after oxypurinol (A and D). #, p �
0.05 for comparisons between genotypes; *, p � 0.05 for the effect of oxypuri-
nol; n � 12 hearts/genotype.
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S-nitrosylation in the myocardium of nNOS�/� mice may
make cysteine thiols in the eNOS reductase domain more
prone to S-glutathionylation. Whether these findings in LV
myocytes are mitigated by the paracrine effect of endothelial
NO production or by the application of NO donors remains
to be established.
Mechanisms of eNOS Uncoupling in the LV Myocardium of

nNOS�/�Mice—The reduction inO2
. observed afterNOS inhi-

bition with L-NAME indicates that myocardial eNOS activity is
uncoupled in nNOS�/� mice, thereby contributing to the total
pool ofO2

. release rather than synthesizingNO.XOR inhibition
recovered both coupled eNOS function and the negative ino-
tropic response to�3-AR stimulation. In the cardiovascular sys-
tem, oxidation of the NOS critical co-factor BH4 (to BH2 and
other biopterins) has been themost commonly reportedmech-
anism responsible for myocardial eNOS uncoupling in the
presence of oxidative stress (23, 34–36); however, we did not
detect any difference in BH4 content; indeed, the ratio between
BH4 and its oxidized products was increased in the myocar-
diumof nNOS�/�mice, implying that increasedO2

. production
byXORdoes not lead to BH4 oxidation under these conditions,
presumably either because of compartmentalization of the BH4
pool away from XOR or secondary to an adaptive induction of
the BH4 “salvage” pathway, as observed in diabetes (37). L-Argi-

nine deficiency has also been implicated in NOS uncoupling.
Insufficient L-arginine availability to NOS can result from up-
regulation of myocardial arginase activity or insufficient entry
of L-arginine via the membrane transporter. We found that
L-arginine transport was decreased in LV myocytes from
nNOS�/� mice; however, XOR inhibition with oxypurinol
(which restores both eNOS coupling and the response to�3-AR
stimulation in nNOS�/� myocytes) did not affect the rate of
L-arginine transport in nNOS�/� myocytes, implying that
decreased L-arginine bioavailability to eNOS via this mecha-
nism is unlikely to account for eNOS uncoupling and sup-
pressed �3-AR responses in nNOS�/� myocytes. More
recently, Chen et al. (20) reported that S-glutathionylation of
cysteine residues in the reductase domain of eNOS results in
reversible enzyme uncoupling and O2

. production, implying
that, together with BH4 oxidation, this mechanism could
account for eNOS dysfunction in response to redox stress (e.g.,
in the presence of diabetes mellitus (37)). Our findings suggest
that XOR-dependentO2

. production can uncouple eNOS activ-
ity by increasing the enzyme S-glutathionylation in the absence
of changes in BH4 availability and BH4 oxidation products.
Because BH4 depletion in the myocardium has only been doc-
umented in the presence of severe or long standing myocardial
stress (e.g., left ventricular pressure overload, prolonged global

FIGURE 7. Immunoblots of eNOS immunoprecipitates with an anti-GSH antibody show that eNOS S-glutathionylation is increased in nNOS�/� LV
myocytes (A; #, p < 0. 05 versus nNOS�/� mice; n � 16 hearts/genotype) and abolished by the thiol-reducing agent DTT (100 �M). Incubation with DTT
significantly increases eNOS activity in nNOS�/� LV myocardium (B; *, p � 0.05 for the effect of DTT). Incubation with oxypurinol abolishes the difference in
eNOS S-glutathionylation between genotypes (C), whereas apocynin has no effect (D). ###, p � 0.001; ##, p � 0.01 versus nNOS�/�; n � 4 – 6 hearts/genotype.
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ischemia, or persistent atrial fibrillation (23, 34–36)), it is pos-
sible that S-glutathionylation plays a more dynamic role in the
regulation of eNOS function in response to subtler changes in
the myocardial redox state. Although eNOS uncoupling in the
nNOS�/� mouse does not cause LV dysfunction per se, a con-
tribution of this mechanism to the more severe adverse LV
remodeling observed in nNOS�/� mice after a myocardial
infarction (38–40) cannot be excluded.
There was no difference in eNOS Thr-495 phosphorylation

between genotypes or after oxypurinol, suggesting that an
increase in protein kinase C-mediated phosphorylation of
eNOS at this site (27, 28) is unlikely to contribute to eNOS
uncoupling in the myocardium of nNOS�/� mice. By contrast,
we observed an oxypurinol-reversible increase in eNOS phos-
phorylation at Ser-1177 in LV myocytes from nNOS�/� mice.
Phosphorylation at Ser-1177 has recently been shown to
increase both coupled and uncoupled eNOS activity, thereby
stimulating both NO andO2

. production from the enzyme (29).
This implies that, in addition to causing eNOS uncoupling by
increasing the enzyme S-glutathionylation (20), XOR-derived
O

2

. induces changes in eNOSphosphorylation that are expected
to increase the rate of O2

. production from the uncoupled
enzyme, further increasing myocardial oxidative stress follow-
ing the disruption of nNOS signaling. An increase in eNOS
Ser-1177 phosphorylation in the presence of oxidative stress is
unusual but not unique (41). Whereas Akt-mediated Ser-1177
phosphorylation of endothelial eNOS has been consistently
found to be inhibited in oxidative conditions (42, 43), PKA-
mediated phosphorylation ofmyocardial eNOS at the same res-
idue could increase, because oxidation of thiol residues in type
I PKA (by H2O2 (44) or xanthine)4 can directly activate the
kinase (44).
Conclusions—Our findings provide unequivocal evidence of

a functional interaction between the myocardial constitutive
NOS isoforms and indicate that aspects of the myocardial phe-
notype of nNOS�/� mice result from disruption of eNOS sig-
naling. Loss of sarcolemmal nNOS leads to functional ischemia
and muscle damage in patients with Duchenne muscular dys-
trophy (31, 45, 46); our findings suggest that oxidative stress
and disruption of eNOS signaling resulting from loss of nNOS
may also contribute to the impaired vasodilatation and ische-
mic damage observed in the skeletal and cardiac muscle of
patients with dystrophinopathies and constitute a possible tar-
get for therapeutic intervention. By the same token, attenuation
of XOR-mediatedmyocardial oxidative stress and preservation
of myocardial eNOS function may contribute to the beneficial
effect of nNOS up-regulation in the failing myocardium (12,
13).
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